BACKGROUND: Muscle triacylglycerols (TG) are known to be a source of energy during submaximal exercise. OBJECTIVE: The aim of this study was to assess whether an index of muscle fat content is related to maximal fat oxidation rate (FATOX max ) in 58 obese men (mean age 45.5 AE 0.8 (s.e.) y, body weight 95.3 AE 1.4 kg, percentage fat 31.1 AE 0.6%). DESIGN: FATOX max was defined as the highest value of fat oxidation rate, measured by indirect calorimetry, while walking on a treadmill (4.3 km=h) at three different slopes: 0% (40 AE 1% of VO 2max ), 3% (47 AE 1% of VO 2max ) and 6% (58 AE 1% of VO 2max ). Fat-free mass (FFM) and fat mass (FM) were measured with the underwater technique and scans were obtained by computed tomography (CT) at the mid thigh level to assess areas of adipose tissue within skeletal muscle, ie deep adipose tissue (DAT), subcutaneous adipose tissue (SAT), skeletal muscle (M) and low attenuation skeletal muscle (LAM, range of attenuation values 0 -34 Hounsfield units). LAM and DAT were used as indices of skeletal muscle fat content. RESULTS: FATOX max , adjusted for age, was correlated with FFM (r ¼ 0.25, P < 0.05), LAM (r ¼ 0.28, P < 0.05), DAT (r ¼ 0.23, P < 0.05), abdominal visceral adipose tissue (r ¼ 0.26, P < 0.05) and plasma free fatty acid (FFA) levels (r ¼ 0.36, P < 0.05) but not with SAT (r ¼ 0.07). In a stepwise linear multiple regression, plasma FFA, age and LAM significantly predicted FATOX max (r 2 ¼ 0.27). Each independent variable explained about 9% of the FATOX max variance. CONCLUSION: LAM makes a significant but weak contribution to the modulation of fat oxidation during submaximal exercise in obese men.
Introduction
Muscle triacylglycerols (TG) are known to be a source of energy during submaximal exercise. 1, 2 Thus, the amount of muscle TG stores may affect energy metabolism during exercise and it has been suggested that endurance exercise training may increase intramuscular TG content. 3 However, invasive methods such as biopsies of skeletal muscle are required to assess muscle TG content and, even with these methods, muscle TGs are difficult to assess.
The overall effect of muscle TG stores on in vivo fat oxidation rate during exercise cannot be predicted. There are at least two reasons to believe that the amount of muscle TG may inhibit fat oxidation rate during submaximal exercise. First, a positive relationship between VO 2max and an index of muscle fat content 4 (ie muscle attenuation measured with computed tomography (CT)) suggest that individuals with a low attenuation (high muscle fat content) present a low VO 2max and consequently a low fat oxidation rate. Second, CT results also suggest that women with a high muscle triglyceride content present a lower muscle citrate synthase activity (which is an index of muscle oxidative capacity) and insulin resistance. 5 On the other hand, an increase in intracellular muscle fat stores may facilitate the contact between intracellular fat stores and mitochondria and lead to an increase in fat oxidation rate. 6 In the present study, low attenuation muscle (LAM), assessed by CT, represents skeletal muscle enriched with diffuse fat stores, which are too small to be detected as distinct entities in a CT scan but important enough to reduce the attenuation of the muscle. These stores are representing intra-and extracellular fat stores.
The aim of this study is to assess the potential relationship between an index of muscle fat content estimated with CT and fat oxidation rate in 58 sedentary obese men.
Methods
Informed consent was obtained from 58 obese middle-aged men whose physical characteristics are presented in Table 1 . The Ethical Committee of Laval University approved the study. All measurements were performed in a fasting state (for at least 12 h). Body density was determined by underwater weighing using standard procedures and residual volume was assessed by the helium dilution technique. 7 Fat-free mass (FFM) and fat mass (FM) were estimated by the formula of Siri.
8 Plasma fasting free fatty acids (FFA) were determined with a calorimetric method. 9 Plasma glucose was determined enzymatically, 10 whereas plasma insulin was measured by radioimmunoassay using precipitation with polyethylene glycol. 11 Biochemical measurements were performed at rest on a different day than exercise tests but during the same week.
Energy expenditure and substrate oxidation rates were calculated from oxygen consumption and carbon dioxide production (a) during submaximal exercise and (b) during the maximal oxygen consumption stress test. Measurements were performed by using an open circuit indirect calorimeter with a mouthpiece. 12, 13 Protein oxidation was assumed to represent 3% of total energy expenditure during exercise. 14 Pulmonary ventilation was measured with a Fleisch pneumotachograph whereas an Applied Electrochemistry analyzer (S3-A; Sunnyvale, CA) and an Anarad analyzer (R1; Santa Barbara, CA) were used to determine the fractions of O 2 and CO 2 in expired air, respectively. VO 2max was assessed during a standard progressive exercise test on a motor-driven treadmill with use of indirect calorimetry measurements. Briefly, the test consisted of walking on a treadmill with an increasing work output to the point of exhaustion. VO 2max was considered to be reached when the following criteria were met: (1) the oxygen consumption increased by < 2 mlO 2 =kg=min with an increase in exercise intensity, and (2) the final respiratory quotient (RQ) was > 1.05.
Submaximal exercise
The subjects walked on a treadmill at 4.3 km=h at 0, 3 and 6% slope. Indirect calorimetry measurements were performed continuously throughout the test. Mean RQ and heart rate were calculated each minute. The steady state was considered to be reached when, during 3 min, RQ and the heart rate (HR) varied within a range of 0.02 and 5 bpm, respectively. When the steady state was not reached, the walking step was prolonged for 1 min. Each walking step lasted 5 -6 min and the last 3 min of steady state were kept for calculation. The highest fat oxidation rate, obtained at these three exercise levels, was defined as the maximal fat oxidation rate (FATOX max ).
CT measurements were performed on a Siemens Somatom DRH scanner (Erlangen, Germany). The subjects were examined in the supine position with both arms stretched above the head. CT scans were performed at the abdominal (between L4 and L5 vertebrae) and at the femoral (midthigh) levels with a radiograph of the skeleton as a reference to establish the position of the scan to the nearest millimeter. Total adipose tissue (AT) areas were calculated by delineating the areas with a graph pen and then computing AT surface with an attenuation range of 7190 to 730 Hounsfield units (HU), respectively. Abdominal visceral AT area was measured by drawing a line within the muscle wall surrounding the abdominal cavity. The abdominal subcutaneous AT area was calculated by subtracting the visceral AT from the total abdominal AT area.
Similarly, a line was drawn at the external limit of the skeletal muscle, at the mid-thigh level, to determine deep AT (ie AT within skeletal muscle). Skeletal muscle was defined as the area with attenuation between 35 and 100 HU. Low attenuation muscle (LAM) area, which is an index of muscle TG accumulation, was defined as the muscle area with an attenuation range between 0 and 34 HU. 15 
Statistical analyses
Stepwise multiple linear regressions were used to predict FATOX max . The following independent variables were tested: body FFM, body FM, fasting plasma FFA, insulin, glucose and age. Also tested were body composition variables measured from CT scan measurements: (1) at the mid-thigh level -LAM Figure 1 ).
Maximal fat oxidation rate was calculated to be at 42 AE 1% of VO 2max . Forty-nine subjects reached their FATOX max when they walked at a slope of 0%, whereas four and five subjects, respectively, reached their FATOX max at 3 and 6% slopes. Consequently, mean FATOX max (19.2 AE 0.6 kJ=min) was close to the fat oxidation rate when walking at a slope of 0% (18.7 AE 0.5 kJ=min).
FATOX max and VO 2max declined with age (r ¼ 70.28, P < 0.05 and r ¼ 70.55, P < 0.05, respectively). Consequently, FATOX max and VO 2max , adjusted for age, were used to assess relationships with other variables. Pearson coefficients between FATOX max , VO 2max and some potential predictors of FATOX max are illustrated in Table 2 .
When a stepwise multiple linear regression was used to predict FATOX max , LAM, fasting plasma FFA concentration and age were found to be significant predictors of FATOX max (Table 3) .
When VO 2max is considered, it becomes a strong predictor of FATOX max , whereas LAM and age do not contribute significantly (results not shown). However, VO 2max is significantly (r 2 ¼ 0.38) predicted by LAM (P < 0.05) and age (P < 0.05). Therefore, it cannot be concluded that these independent variables could predict FATOX max through VO 2max . To investigate this hypothesis, we adjusted VO 2max for LAM and age. Interestingly, the stepwise regression kept this adjusted VO 2max as significant independent variable as well as, FFA, age, LAM and insulin (Table 4) .
Discussion
This study was conducted to investigate the putative relationships between an index of muscle fat stores (ie LAM) and fat oxidation rate. It can be argued that LAM is probably influenced by other factors like muscle glycogen and=or water content, which may also reduce muscle attenuation. However, it has been reported that hepatic glycogen stores do not reduce but increase the attenuation of the liver of approximately 3 HU for each percentage increase in liver glycogen content. 16 Moreover, it is known that water and fat have different attenuations (ie 0 HU and about 7100 HU, respectively) 17 and that water represents about 76 AE 1% (s.d.) of total muscle weight of male subjects. 18 From an equation described in the literature, 19 it can be estimated that muscle should contain more than 84% of water to reach the attenuations within the LAM range. This value is clearly out of the physiological range (ie 76 AE 1%). Based on these observations, we believe that only fat is able to dramatically reduce muscle attenuation up to 35 HU. Therefore, it is reasonable to postulate that LAM represents the muscle area rich in fat.
It is important to emphasize that the present protocol only allows measuring the whole body fat oxidation rate but is not designed to localize the site of this oxidation. At rest, skeletal muscle is the primary site of insulin-stimulated glucose disposal 20 and there is increasing evidence that high muscle fat stores may play an important role in insulin resistance. 4, 5, 21, 22 Conversely, when energy expenditure is considered, only about 28% of total energy expenditure can be accounted for by skeletal muscle. 23 Therefore, change in muscle fat oxidation at rest is likely to have a rather minor impact on whole body fat oxidation rate. Moreover, plasma FFA rather than muscle triglycerides are considered to be the main source of fat oxidation at rest. 24, 25 For these reasons, muscle TG content is expected to have little influence on in vivo fat oxidation rate measured at rest. On the other hand, muscle metabolism obviously represents an important fraction of whole body energy metabolism during exercise. Moreover, as mentioned above, muscle TG stores are an important source of energy during submaximal Figure 1 Whole body substrate oxidation rates when the subjects walked (4.3=km=h) on a treadmill at a slope of 0, 3 and 6%, which corresponds to an exercise intensity of 39 AE 1, 47 AE 1 and 58AE 1% of VO 2max , respectively.
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1,2 Therefore, we believe that submaximal exercise was a relevant condition to investigate the putative relationship between LAM and substrate oxidation rates measured by indirect calorimetry.
The highest value of fat oxidation rate during submaximal exercise was called maximal fat oxidation rate (FATOX max ). Because submaximal exercise was performed at only three different intensities, FATOX max was not determined with precision but only estimated. Moreover, FATOX max was measured during a short bout of exercise (ie during the last 3 min of an exercise of 5 -6 min). It is well known that during longlasting exercise, a slow shift from CHO to fat oxidation occurs. 26 Consequently, if fat oxidation rates were measured during a long-lasting exercise, the values of FATOX max would certainly be higher. Interestingly, despite all these limitations, the expected relationships between plasma FFA, body composition (ie fat mass) and FATOX max were found to be significant in the present study (see Table 2 and below). This strongly suggests that FATOX max was measured with sufficient accuracy to be introduced as a dependent variable into our model. In the present study, FATOX max occurred at an exercise intensity of about 42% of VO 2max , a value that corresponds to the value of 40% reported in a previous animal study. 27 It is generally admitted that the oxidative capacity of skeletal muscle is, at least partially, related to VO 2max . Similarly, we believe that it is reasonable to postulate that FATOX max is related to the maximal capacities of the muscle to oxidize fat.
When using a stepwise linear regression procedure to assess which variables could best predict FATOX max , we 
FATOX max is expressed in kJ=min.
The following independent variables were tested: body fat-free mass (FFM), body fat mass (FM), fasting plasma free fatty acids (FFA, mmol=l), insulin (pmol=l), glucose (mmol=l) and age. Also tested were body composition variables measured from CT scan measurements (cm 2 ): (1) at the mid-thigh level -low attenuation muscle (LAM) area, skeletal muscle (M) area, subcutaneous AT area, deep AT area, LAM=M; (2) at the abdominal level -visceral AT area, subcutaneous AT area. 
FATOX max is expressed in kJ=min. Independent variables are the same as those described in Table 3 .
Muscle composition and fat oxidation rate O Dériaz et al found that LAM, age and plasma FFA were the best predictors among the studied variables (Table 3) . These results could be expected because (a) a decrease in fat oxidation rate has been associated with age at rest 28 and during exercise, 29 and (b) fasting plasma FFA is known to be a source of energy at rest 24, 25, 30 and during submaximal exercise.
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In both models (with and without adjusted VO 2max as independent variable), LAM significantly predicted FATOXmax during a submaximal exercise. Interestingly, visceral AT and FM, which have been reported to be significant predictors of resting fat oxidation rate, 31, 32 were not found to make a significant contribution to the variance of FATOX max in our prediction equation. It appears that, during exercise, LAM is a better predictor of fat oxidation rate than visceral adiposity and total FM. To our knowledge, it is the first time that an index of muscle fat content has been found to be related to in vivo fat oxidation rate during submaximal exercise assessed by indirect calorimetry. Interestingly, thigh deep AT is not included into the prediction equation. This is probably explained by the fact that TG, stored in deep AT, first has to be hydrolyzed into FFA and then transported from the AT to the site of oxidation (mitochondrion) within the muscle fiber. Exercise training often 3, 33, 34 but not always 35 increases the amount of muscle TG. In accordance with the positive correlation found in the present study between VO 2max and FATOX max (Table 2) , endurance training also increases fat oxidation rate during exercise. 36, 37 This can be explained by (a) a closer interaction between intracellular TG and mitochondria, 6 (b) an increased muscle oxidative capacity, 38 and=or (c) a greater muscle FFA uptake 2 for a given FFA supply. Interestingly, the increase in muscle TG stores, induced by exercise training, does not appear to be associated with insulin resistance. At least two reasons may explain this apparent paradox. First, exercise may induce other changes (body composition, muscle enzyme activities) that may at least compensate for the negative effect of an increase in muscle triglyceride stores. Second, it can be speculated that the level of muscle triglyceride affects mostly fat oxidation rate in trained individuals and insulin sensitivity in obese individuals. An attractive hypothesis is that the action of triglyceride stores on insulin resistance and=or fat oxidation rate may be related to the localization of intracellular lipid droplets. It is not impossible that muscle lipid stores of obese individuals are preferentially located within neutral domains in the plasma membrane itself, whereas these lipid stores are in contact with mitochondria in trained individuals. 39, 40 Our results strongly suggest that the amount of muscle triglyceride stores stimulates fat oxidation rate during submaximal exercise in obese men. It can be speculated that LAM will be a stronger predictor of FATOX max in trained athletes because these individuals should have larger contact areas between intracellular TG and mitochondria than obese individuals. Further research is clearly needed to better understand how this mechanism is related to intracellular triglyceride localization, body composition and training status. Finally, fasting plasma insulin concentration, which is an index of insulin sensitivity, 41 was found to be a significant predictor of FATOX max (see Table 4 ). This is in accordance with the previously reported positive relationship between fat oxidation rate and fasting plasma insulin concentration. 42 In summary, we have found that, in obese men, there is a low but significant relationship between LAM and FATOX max during exercise. Although a cause and effect relationship has not been established, this finding is compatible with a stimulatory effect of muscle fat stores on fat oxidation rate during submaximal exercise in obese men. Because obese men present high muscle triglyceride contents, submaximal exercise at maximal fat oxidation rate (ie about 40% of VO 2max ) is efficient in increasing the daily rate of fat oxidation. Moreover, a training program, which includes some high intensity exercise bouts, will improve VO 2max . In this case, submaximal exercise performed at 40% in individuals with a higher VO 2max will elicit a greater absolute amount of fat oxidation.
